؉ -coupled transporter of short-chain fatty acid. To document the expression pattern of SLC5A8 in the thyroid, we analyzed the regulation of its expression in normal human thyrocytes in culture and in tissues with distinct functional activity. To determine whether SLC5A8 expression is altered in all thyroid carcinomas or only in particular subtypes, we investigated the level of its expression in a series of 50 hypofunctioning tumors. SLC5A8 expression was studied at the transcript level and compared with that of SLC26A4 or Pendrin and SLC5A5 or Na ؉ /iodide symporter. SLC5A8 expression, unlike that of SLC5A5 and SLC26A4, was not regulated by TSH in normal human thyrocytes in culture and was not related to the functional state of thyroid tissue; toxic adenomas and adjacent resting tissues exhibited the same SLC5A8 transcript content. SLC5A8 expression was selectively down-regulated (40-fold) in papillary thyroid carcinomas of classical form (PTC-cf.). Methylation-specific PCR analyses showed that SLC5A8 was methylated in 90% of PTCcf. and in about 20% of other papillary thyroid carcinomas. In a series of 52 PTC-cf., a low SLC5A8 expression was highly significantly associated with the presence of BRAF T1796A mutation. These data identify a relationship between the methylation-associated silencing of the tumor-suppressor gene SLC5A8 and the T1796A point mutation of the BRAF gene in the PTC-cf. subtype of thyroid carcinomas. (J Clin Endocrinol Metab 90: 3028 -3035, 2005)
SLC5A8, proposed as a thyroid apical iodide transporter, was recently defined as a Na
؉ -coupled transporter of short-chain fatty acid. To document the expression pattern of SLC5A8 in the thyroid, we analyzed the regulation of its expression in normal human thyrocytes in culture and in tissues with distinct functional activity. To determine whether SLC5A8 expression is altered in all thyroid carcinomas or only in particular subtypes, we investigated the level of its expression in a series of 50 hypofunctioning tumors. SLC5A8 expression was studied at the transcript level and compared with that of SLC26A4 or Pendrin and SLC5A5 or Na ؉ /iodide symporter. SLC5A8 expression, unlike that of SLC5A5 and SLC26A4, was not regulated by TSH in normal human thyrocytes in culture and was not related to the functional state of thyroid tissue; toxic adenomas and adjacent resting tissues exhibited the same SLC5A8 transcript content. SLC5A8 expression was selectively down-regulated (40-fold) in papillary thyroid carcinomas of classical form (PTC-cf.). Methylation-specific PCR analyses showed that SLC5A8 was methylated in 90% of PTCcf. and in about 20% of other papillary thyroid carcinomas. In a series of 52 PTC-cf., a low SLC5A8 expression was highly significantly associated with the presence of BRAF T1796A mutation. These data identify a relationship between the methylation-associated silencing of the tumor-suppressor gene T HE IODIDE SUPPLY of the thyroid gland involves a two-step transport process: an active iodide transport across the basolateral plasma membrane of thyrocytes by the Na ϩ /iodide symporter or SLC5A5 (1) and a passive transport across the apical plasma membrane. The protein(s) insuring the second step is not yet identified. Two potential apical iodide transporters belonging to the sodium/glucose cotransporter SLC family have been proposed: pendrin (2) (encoded by the PDS gene or SLC26A4) and a protein named AIT for apical iodide transporter (3) (encoded by the SLC5A8 gene).
Pendrin is expressed in different organs, among which are thyroid, kidney, inner ear, and placenta (4 -6). Pendrin has been described as a chloride/bicarbonate or formate exchanger (7, 8) . In the thyroid, pendrin is a 110-kDa protein (9) selectively located at the apical plasma membrane. Its capacity to transport iodide has been documented in different experimental systems (10 -12) , but its implication in the efflux of iodide from thyrocytes to the follicle lumen has not been demonstrated yet.
AIT is a 69-kDa protein sharing 46% identity with human Na ϩ /iodide symporter (3, 13) . Expressed in mammalian cells, AIT mediates a passive iodide transfer. Because the protein is located at the apical plasma membrane of thyrocytes (3), it was suggested that AIT could be involved in the passive transport of iodide from thyrocytes to the follicle lumen. Information about AIT or SLC5A8 expression in the thyroid is still limited. Lacroix et al. (13) recently reported that the AIT transcript level is decreased in thyroid carcinomas. SLC5A8 is expressed abundantly in the colon (14) . Two recent reports assign to it a function of Na ϩ /short-chain fatty acid cotransporter (15, 16) . SLC5A8 was found to be silenced and methylated in more than 50% of colon cancer cell lines and primary colon cancers. SLC5A8 appears as a colon cancer suppressor gene, because restoration of its expression in SLC5A8-deficient cell lines led to the suppression of cell growth (14) .
In this study, we examined the expression pattern of SLC5A8 in the thyroid by analyzing the changes in SLC5A8 transcript level in response to TSH stimulation using normal human thyrocytes in culture and by comparing the SLC5A8 transcript content of activated [toxic adenomas (TA)] (17, 18) and resting (adjacent parenchyma) thyroid tissues. We report that SLC5A8 expression, unlike that of SLC5A5 and SLC26A4, is not regulated by TSH at the transcriptional level and is independent of the state of activation or functional activity of thyroid tissue. By measuring SLC5A8 transcript levels in a series of 50 hypofunctioning benign or malignant thyroid tumors, we found that SLC5A5 is markedly and selectively under-expressed in a subtype of thyroid cancer, the papillary thyroid carcinomas of classical form (PTC-cf.). Down-regulation of SLC5A8 appeared to be related to hypermethylation of a dense cytidine-phospho-guanosine (CpG) island located in exon 1 of the gene. By screening a series of 52 PTC-cf. for BRAF mutation (hot spot mutation at nucleotide 1796), we identified a highly significant association between SLC5A8 silencing and the presence of the mutation.
Materials and Methods

Human thyroid tissues
Thyroid tissue samples were taken from the Lyon Thyroid Tumor Bank, established since 1998, as part of a collaborative clinical research project on differentiated thyroid cancer at the Lyon University Hospital Center (9, 19) . This study was approved by the supervision interdisciplinary committee of the Tumor Bank and performed in accordance with protocols previously approved by the local human studies committee. Specimens maintained in the bank consisted of pairs of samples: fragments of tumor and fragments of adjacent normal thyroid tissue collected at the time of extemporaneous examination of surgical pieces from patients undergoing partial or total thyroidectomy. Tissue samples weighing 50 -200 mg were frozen in liquid nitrogen and stored at Ϫ80 C. Tumors were classified according to World Health Organization (WHO) recommendations (20) . Pathological and clinical annotations were anonymously associated to samples maintained in the Tumor Bank. Samples used in this study were follicular adenomas (FA) (n ϭ 10), follicular thyroid carcinomas (FTC) (n ϭ 9), papillary thyroid carcinomas (PTC) (n ϭ 31), and the paired normal tissue (NT) (n ϭ 50). PTC were divided into PTC-cf. (n ϭ 18) and follicular variant of PTC (PTC-fv) (n ϭ 13). A PTC-fv, as defined in the new WHO classification of tumors (20) , is composed of small-to-medium-sized, irregularly shaped follicles with virtually no papillary structures. A PTC-cf. contains a variable proportion of follicular architecture and well-formed papillae. The age and gender of patients as well as the size and grading of tumors are reported in Table 1 . Additional tissue samples such as TA (n ϭ 5) and paired NT, PTC-cf. (n ϭ 36), and anaplastic carcinomas (n ϭ 5) were used in some experiments. Patients with TA showed a hot nodule with functional suppression of the remaining parenchyma at thyroid scintigraphy. At histological examination, TA appeared as 2.5-to 5-cm nodules formed of follicular structures of variable size, often large in the center and small at the periphery. The 36 PTC-cf. samples (used in the last part of the study) were from 33 females and three males (mean age Ϯ sem, 41.6 Ϯ 3.1 yr); the mean tumor size Ϯ sem was 2.3 Ϯ 0.2 cm.
Isolation and culture of human thyroid cells
Fragments of normal human thyroid tissue weighing approximately 1 g were used for cell isolation within 1 h after devascularization. Thyroid cells were dispersed in Earle medium (Life Technologies Inc., Cergy-Pontoise, France) (pH 7.4) containing 12 mg/ml trypsin (Life Technologies) and 0.24 mg/ml collagenase IX (Sigma, St. Louis, MO). The enzyme treatment consisted of a series of 30-min incubations at 37 C. Isolated thyroid cells were cultured in Ham's F12 medium (Seromed Biochrom KG, Berlin, Germany) containing 5% calf serum, penicillin (200 U/ml; Sigma), and streptomycin (0.2 mg/ml; Sigma) in 6-cm petri dishes. A fraction of the freshly isolated thyroid cell population was frozen in liquid nitrogen for RNA extraction. Cells were cultured at 37 C under a 95% air/5% CO 2 atmosphere in the absence or presence of 1 mU/ml TSH (bovine TSH from Sigma) from the onset of culture. The medium was changed after 48 h, and, after 3 d, cells were collected in the RNA extraction solution.
RNA extraction and reverse transcription (RT)
Total RNA was isolated from frozen thyroid tissue samples, frozen aliquots of isolated thyroid cells, and cultured cells using the phenolchloroform extraction procedure, according to Chomczynski and Sacchi (21) , and was subsequently purified on silica column (RNeasy minikit, Qiagen SA, Courtaboeuf, France) according to the manufacturer's protocol. Potentially contaminating genomic DNA was systematically eliminated by a deoxyribonuclease I treatment (Rnase free Dnase from Qiagen). Control of RNA integrity and RNA quantification were performed by the microfluidic electrophoretic separation on chips using the Agilent 2100 BioAnalyzer, the RNA 6000 nano Lab Chip reagent set (Agilent Technologies, Massy, France), and the RNA ladder (Ambion, Huntington, UK) for calibration. The average value of the 28S/18S ratio obtained for each of the four groups of tumor/paired NT samples was close to or higher than 1.8 ( Table 1) . None of the RNA samples used in this study had a 28S/18S ratio lower than 1.5. The amount of RNA extracted per mass of tissue was significantly higher in tumors than in paired NT samples (Table 1) . RNA recovery progressively increased from FA to PTC-cf. with intermediate values in FTC and PTC-fv. This is related to the cell density of tumors.
Total RNA (1 g) was reverse transcribed for 1 h at 37 C in a 20-l reaction volume containing 200 U Moloney murine leukemia virus reverse transcriptase (Promega Corp., Madison, WI), 10 nmol of each deoxynucleoside triphosphate (Promega Corp.), 24 U ribonuclease inhibitor (Promega Corp.), and 100 pmol of random hexamers (Amersham Pharmacia, Orsay, France). Synthesized cDNAs were then treated for 5 min at 95 C. To minimize potential variation in the efficiency of the RT reaction, the 100 samples were retrotranscribed in two separate experiments. Average PCR values obtained by amplification of SLC26A4 from the cDNA prepared from NT samples in RT1 (n ϭ 24) and RT2 (n ϭ 26) differ by less than 5%. 
Real-time PCR
PCR was performed on the LightCycler (Roche Diagnostics, Meylan, France). Amplification of cDNAs corresponding to SLC5A8, SLC26A4, and SLC5A5 mRNAs, and to 18S rRNA was carried out in duplicate in a final volume of 20 l containing the master mix (Fast start DNA Master SYBR GREEN I kit containing Taq DNA polymerase, deoxydinucleotide triphosphates, and Sybr Green), 2 mm MgCl 2 , 5 m of forward and reverse primers, and 5 l of the diluted cDNA template solution, corresponding to 2.5 ng of retrotranscribed RNA for SLC5A8, SLC26A4, and SLC5A5, and to 25 pg for 18S rRNA. The location and sequence of primers are given in Fig. 1 . PCR conditions included an initial denaturation of 10 min at 95 C, followed by 40 cycles consisting of 15 sec at 95 C for denaturation, 4 sec at 57, 60, or 64 C (depending on the gene) ( Fig. 1) for annealing, and 8 sec at 72 C for the final extension step. Fluorescence intensity measurements obtained at the end of each cycle were used to determine the crossing point value, i.e. the cycle number at which fluorescence was significantly greater than the background. The specificity of the PCR amplification was assessed by determination of the melting temperature of amplicons using a fusion program, consisting in a progressive temperature increase of 0.1 C/sec from 60 to 95 C.
Cloning of amplicons to generate external standards
Amplicons corresponding to SLC5A8, SLC26A4, SLC5A5, and 18S rRNA were cloned into the pGEMT easy vector (Promega Corp.). The identity of the cDNA insert was controlled by sequencing (Genome Express, Grenoble, France). Amounts of plasmid corresponding to 10 1 to 10 6 cDNA copies were included in each PCR assay to generate calibration curves by plotting crossing point values as a function of the cDNA copy number. Results were expressed in mRNA copies per microgram total RNA after normalization using 18S rRNA measurements.
The intra-PCR coefficient of variation was less than 5%; the inter-PCR assay reached values from 8 -20%, depending on the transcript level.
DNA methylation analysis, bisulfite modification, and methylation-specific PCR
Sodium bisulfite converts unmethylated cytosines to uraciles, whereas the methylated cytosines remain unmodified. In the resultant modified DNA, uraciles are replicated as thymines during PCR amplification. Methylation-specific primers have been designed to amplify a region in exon 1 of the SLC5A8 gene containing a CpG island (14) . These primers are complementary either to a sequence containing several C residues (coming from methylated sequences) or to a sequence in which all the C residues have been replaced by T residues (coming from unmethylated sequences).
The sodium bisulfite reaction was carried out on 4 g DNA (3 g of unrelated plasmid DNA as a carrier and 1 g of human genomic DNA). Alkali-denatured DNA was incubated in 3 m NaHSO 3 and 5 mm hydroquinone for 16 h at 50 C. Modified DNA was purified using the Wizard DNA Clean-up System (Promega, Lyon, France) and eluted into 50 l of sterile water. Modification was completed by 0.3 m NaOH, and DNA was purified and concentrated to a final volume of 20 l using the MinElute Reaction Cleanup kit (Qiagen, Courtaboeuf, France). PCR amplifications were performed from 1-l aliquots in a 50-l reaction mixture containing 2 mm MgCl 2 , 200 m of each of the four deoxyribonucleoside triphosphates, 0.35 m of primers, and 1 U of HotStar Taq DNA polymerase from Qiagen. PCRs were carried out by using a hot start at 95 C for 15 min. Methylated sequences were amplified using the AS-meth-442-459s (5Ј-TCGAACGTATTTCGAGGC) and AS-meth550as (5Ј-ACAACGAATCGATTTTCCG) primers (14) . Unmethylated sequences were amplified using the AS-unmeth-442s (5Ј-TTGAATG-TATTTTGAGGTG) and AS-unmeth-542as (5Ј-TCAATTTTCCAA-AATCCC) primers (14) . PCR parameters were: 35 or 42 cycles of 45 sec at 95 C, 45 sec at 56 C (methylated sequences) or 45 C (unmethylated sequences), and 45 sec at 72 C, followed by a period of 10 min at 72 C. The sizes of the PCR products for methylated and unmethylated SLC5A8 exon 1 CpG island were 108 and 100 bp, respectively. A human placenta DNA was used as a source of unmethylated DNA. A colon cancer cell line HCT116 DNA was used as a control for methylated DNA (14) .
Detection of BRAF T1796A mutation
The thymine to adenine transversion at nucleotide 1796 of the BRAF gene was detected by two different methods. The first method, based on fluorescence melting curve analysis after amplification by real-time PCR using the LightCycler from Roche Molecular Biochemical (Mannheim, Germany), was adapted from Nikiforova et al. (22) to detect the mutation from cDNA. Amplification of BRAF cDNA from cDNAs synthesized using random hexamers (see section on reverse transcription, above) was performed using a pair of primers flanking the mutation site: 5Ј-CTTCATGAAGACCTCACAGTAAA-3Ј and 5Ј-TAATGGCAGAGTGC-CTCA-3Ј (Invitrogen, Cergy-Pontoise, France). The mutation was detected by fluorescence resonance energy transfer using two fluorescent probes (sensor: 5Ј-AGCTACAGTGAAATCTCGATGGAG-fluorescein-3Ј; and anchor: 5Ј-LC Red 705-GGTCCCATCAGTTTGAACAGTT-GTCTGGA-phosphate-3Ј) (Proligo Inc., Paris, France), with the sensor probe spanning the nucleotide position 1796. Amplification was performed in a glass capillary using 5 l cDNA corresponding to 25 ng retrotranscribed RNA in a 20-l volume containing 2 l 10ϫ LightCycler DNA Master Hybridization probes [containing PCR buffer, deoxynucleotide triphosphates, 10 mm MgCl 2 , and Taq polymerase (Roche)], 2.4 l 25 mm MgCl 2 , 10 pmol of each primer, and 2 pmol of each hybridization probe. PCR conditions included an initial denaturation at 95 C for 10 min followed by 45 cycles (each cycle consisting of denaturation at 95 C for 10 sec, annealing at 52 C for 20 sec, and extension at 72 C for 20 sec). After completion of the cycling process, samples were subjected to a gradual heating at a rate of 0.2 C/sec from 30 -85 C, with continuous fluorescence monitoring for melting curve analysis. Tumor and paired NT cDNAs were amplified in parallel, each in duplicate. A tumor sample was considered as positive for the BRAF mutation when PCR products gave a melting temperature value lower than the lower limit of the 99% confidence interval established from NT melting temperature values.
The presence or absence of the BRAF mutation was confirmed by a real-time, allele-specific PCR method adapted from Jarry et al. (23) to detect the mutation from cDNA. Two forward primers with variations in their 3Ј nucleotides such that each was specific for the wild-type (W: AGGTGATTTTGGTCTAGCTACAGT) or the mutated variant (M: AG-GTGATTTTGGTCTAGCTACAGA) and one reverse primer (AS: GAT-GACTTCTGGTGCCATCC) were used. The sequence-specific forward primer and the reverse primer were then combined in Primer mix W (primers W and AS) and Primer mix M (primers M and AS). PCR amplifications were performed on 5 l of cDNA template (corresponding to 2.5 ng retrotranscribed RNA) using Fast start DNA Master Sybr Green I kit (Roche) and 3 mm MgCl 2 . The cycling conditions were as follows: denaturation for 10 min at 95 C; amplification for 35 cycles with denaturation at 95 C for 15 sec; annealing at 62 C for 5 sec; and extension at 72 C for 8 sec. After completion of the cycling process, samples were subjected to a temperature ramp from 60 -95 C to obtain the fluorescence melting curves and control the specificity of the amplification. Samples giving amplification products with both W and M forward primers were BRAF mutation-positive samples.
Statistical methods
Comparison of transcript contents of tumors and paired NT samples was done by paired Student's t test after logarithmic transformation of values (to obtain Gaussian distributions) and by the Wilcoxon nonparametric test using crude values. Association of SLC5A8, SLC26A4, or SLC5A5 transcript levels with age of patients, size, or staging of tumors was analyzed using the Mann-Whitney U test.
Results
The average SLC5A8 transcript content of normal human thyroid tissue (n ϭ 10) was 0.40 (0.2-1.2) ϫ 10 6 mRNA copies per microgram of total RNA (mean and 99% confidence limits of the mean in parentheses). Values of the same order of magnitude were found for the SLC5A5 transcript level: 0.80 (0.30 -1.9) ϫ 10 6 mRNA copies per micrograms of total RNA. SLC26A4 transcripts were more abundant: 7.1 (3.2-15.8) ϫ 10 6 mRNA copies per micrograms of total RNA.
Regulation of SLC5A8, SLC26A4, and SLC5A5 expression by TSH in human thyrocytes in culture
Normal human thyrocytes were cultured without or with TSH for 3 d. The SLC5A8 transcript content of human thyrocytes cultured in the absence of TSH slightly increased (about 2-fold) compared with that of cells at the onset of culture (freshly isolated thyrocytes) ( Fig. 2A) . By contrast, SLC26A4 and SLC5A5 transcript levels markedly decreased, representing about 20% and less than 5% of the values measured on freshly isolated thyrocytes. The rapid shut-off of SLC5A5 expression, observed here in human thyrocytes, is a common characteristic of thyrocytes cultured in the absence of TSH (24, 25) . Human thyrocytes cultured with or without TSH exhibited the same SLC5A8 transcript level. The TSH treatment partly prevented the decrease in SLC26A4 and SLC5A5 expression; after 3 d of culture, SLC26A4 and SLC5A5 transcripts levels were 3-fold and 20-fold higher in TSH-treated than in untreated cells, respectively. The TSH-induced activation of SLC5A5 gene transcription is a well-documented phenomenon (1). The activation of SLC26A4 expression by TSH has not yet been reported. A previous study using FRTL-5 cells (2) did not evidence any regulatory effect of TSH on this gene.
SLC5A8 expression level in activated vs. resting thyroid tissues
We compared the SLC5A8, SLC26A4, and SLC5A5 transcript contents of TA and paired adjacent resting tissue samples. As shown in Fig. 2B , SLC5A8 transcript levels were similar in activated and resting thyroid tissues and within the range of values determined from 10 NT samples (obtained from patients with hypofunctioning benign or malignant tumors). In agreement with previous analyses performed at the protein level (7), the SLC26A4 transcript content of TA was within the range of values obtained in NT, whereas the SLC26A4 transcript content of resting thyroid tissue was significantly decreased. SLC5A5 transcript levels were high in TA and low in adjacent tissues. There was a 25-fold difference in SLC5A5 expression in activated vs. resting thyroid tissues.
SLC5A8 expression in hypofunctioning benign and malignant thyroid tumors
Data obtained from the 50 tumor/NT paired samples are reported in Fig. 3 mRNA copies per microgram RNA in paired NT (Fig. 3) . These marked differences between subtypes of thyroid carcinomas probably explained the wide variations (two orders of magnitude) in SLC5A8 transcript content recently reported (24) for thyroid carcinomas considered as a single group of tumors. The SLC26A4 transcript level was not altered in FA and FTC compared with paired NT, but was reduced about 5-fold and 25-fold in PTC-fv and PTC-cf., respectively. The average transcript level of SLC5A5 was low in all types of thyroid carcinomas. The changes in the expression levels of SLC5A8, SLC26A4, or SLC5A5 were not related to age of patients, size, or staging of tumors. The relative changes in the expression of the three genes according to the tumor type are presented in Fig. 4 , where data are expressed in terms of tumor to NT ratios. None of the three genes was significantly altered in FA. By contrast, the three genes were markedly down-regulated in PTC-cf. FTC and PTC-fv were similarly characterized by a normal expression of SLC5A8, a moderate reduction of SLC26A4 expression, and a low expression of SLC5A5.
SLC5A8 is methylated with a high frequency in PTC-cf.
In light of the recent report showing that methylation is a probable mechanism for inactivating SLC5A8 in colon cancer (14), we investigated the methylation status of SLC5A8 in PTC. The study, which focused on a dense CpG island located in SLC5A8 exon 1, was conducted by methylationspecific PCR. The primers used led to the selective amplifi- cation of either the methylated or the unmethylated SLC5A8 templates. This is shown in Fig. 5A using DNA from HTC116 cell line (methylated form) and placenta DNA (unmethylated form) either alone or in various proportions from 10 -90%. Methylation-specific PCR assay was performed on 10 of the 18 PTC-cf., six of the 13 PTC-fv, and four of the 10 FA, which were available in duplicate. After 38 PCR cycles, SLC5A8 methylation was observed in six of 10 PTC-cf. and in one of six PTC-fv (Fig. 5B) . No SLC5A8 methylation was detected in the four FA. By increasing the level of amplification to 42 cycles, SLC5A8 methylation was observed in nine of the 10 PTC-cf. and in one of the six PTC-fv, whereas SLC5A8 methylation remained undetectable in the FA samples (Fig. 5C ). These data indicate that SLC5A8 methylation is strongly associated with PTC-cf.
The average SLC5A8 transcript level of SLC5A8-methylated tumors was 15 times lower than that of SLC5A8-unmethylated cases (Fig. 6 ). There were two main exceptions to the association between expression and methylation of SLC5A8. In the group of PTC-fv, one tumor with a normal SLC5A8 transcript level was found methylated, and, on the opposite, one PTC-cf. tumor exhibiting a low SLC5A8 expression level was unmethylated.
Relationship between down-regulation of SLC5A8 expression and the presence of BRAF T1796A mutation
Thirty-three of the 40 malignant tumors of the study for which cDNA was still available and 41 additional tumors (36 PTC-cf. and five anaplastic carcinomas) were analyzed for the presence of the mutation at nucleotide 1796 (T to A transversion) of the BRAF gene. The two methods used, fluorescence melting curve analysis of amplicons obtained by real-time PCR and mutant allele-specific PCR amplification, gave 100% concordant data. The BRAF T1796A mutation was detected in 36 of 52 PTC-cf. (69%), two of nine PTC-fv (22%), but in none of the eight FTC. Data of Fig. 7 show that PTC-cf. with the BRAF mutation exhibited an average SLC5A8 transcript content 63-fold lower than the average value obtained for NT samples, whereas the average SLC5A8 transcript level of PTC-cf. with wild-type BRAF was only decreased 5-fold. Thus, there was a highly significant association between the presence of the BRAF T1796A mutation and a low level of expression of SLC5A8; noteworthy, the BRAF mutation was found in three of five anaplastic carcinomas, and tumors with the mutation exhibited a markedly reduced SLC5A8 expression compared to those without the mutation.
Discussion
The present study documents different aspects of the thyroid expression pattern of SLC5A8 proposed as the AIT en- After bisulfite modification, a DNA segment of the SLC5A8 CpG island was amplified using specific primers for the methylated and unmethylated sequences. For each panel, 10 l of the PCR mixture (total volume, 50 l) was analyzed on a 2% agarose gel containing ethidium bromide. Panels denominated M-PCR (M) and UM-PCR (UM) present PCR products obtained using primers designed to amplify the methylated (M) sequences (108-bp band) or the unmethylated (UM) sequences (100 bp), respectively. A, Sensitivity of the amplification after bisulfite modification. DNA from the HTC116 cell line, used as a source of methylated SLC5A8, and DNA from placenta, used as a source of unmethylated SLC5A8, separately or mixed in various proportions from 10 -90%, were submitted to sodium bisulfite treatment. The DNA segment containing the SLC5A8 CpG island was amplified (35 coding gene. We report that SLC5A8 expression is not regulated by TSH and is not related to the functional state of thyroid tissue; it was similar in activated (TA) and resting thyroid tissues (adjacent to TA) and in hypofunctioning benign or malignant thyroid tumors, with the remarkable exception of PTC-cf.
At present, it is not known whether SLC5A8 actually plays a role of iodide transporter in the thyroid. The recent reports demonstrating that SLC5A8 is a Na ϩ /short-chain fatty acid (or monocarboxylate) cotransporter (15, 16) weaken this possibility. It seems very unlikely that the same membrane protein could exert another function in the thyroid. Furthermore, the AIT is expected to be a passive transporter (considering the iodide electrochemical gradient) and not a Na ϩ -dependent symporter or secondary active ion transporter as SLC5A8 probably is. An indirect contribution of SLC5A8 to the thyroid cell to follicle lumen transport of iodide cannot be excluded.
Whatever its actual role in thyroid functioning, SLC5A8 might be involved in thyroid tumorogenesis. We have found that tumors histologically classified as PTC-cf. exhibited a reduced SLC5A8 expression; the average SLC5A8 transcript level in these tumors was 40 times lower than the average values obtained in paired NT. As in colon cancer, SLC5A8 silencing in PTC-cf. appears to be linked to the methylation of exon 1 of the gene. SLC5A8 methylation, which is an early epigenetic event in colon cancer (14) , appearing in about 50% of aberrant crypt foci having the potential to progress to adenomas and carcinomas, probably occurs at a later stage in the thyroid. Furthermore, in the thyroid, methylationassociated silencing of SLC5A8 appears specific of a tumor type, indicating that this process could be secondary to another or other genetic alteration(s) occurring selectively in this tumor type.
The two other genes, SLC26A4 and SLC5A5, that are downregulated to various degrees in thyroid cancers are also subjected to methylation (26, 27) . SLC26A4 methylation was detected in all types of thyroid tumors: FA, FTC, PTC, and anaplastic carcinomas, with frequency ranging from 44 -71% (26) . As far as SLC5A5 is concerned, no specific methylation pattern could be associated with alterations of SLC5A5 expression in thyroid tumors (27) . Taken together, these data indicate that each of the three genes, SLC5A8, SLC26A4, and SLC5A5, is independently altered by methylation in the course of thyroid tumorogenesis.
It is now recognized that the most frequent genetic alteration occurring in PTC is a mutation at nucleotide 1796 of the BRAF gene (22, 28 -34) , giving rise to an activated form of BRAF, BRAF V599E . This mutation was found in 29 -69% of PTC, depending on the tumor series, but was never detected in FTC and benign tumors. More recent studies (35-37) identify a significantly higher prevalence of the mutation in PTCcf. compared with PTC-fv, suggesting that PTC-cf. might be genetically different from PTC-fv and that BRAF mutations might drive the development of PTC-cf. In agreement with these data, we found a high prevalence (69%) of the BRAF T1796A mutation in PTC-cf. As was already reported (22, 34) , some anaplastic carcinomas (three of five), probably deriving from PTC, harbored the BRAF T1796A mutation. Thus, in our tumor series, SLC5A8 silencing and BRAF mutation discriminate PTC-cf. from other thyroid carcinomas with a rather equal efficiency. This suggests a link between the two events; this is supported by the strong association between the presence of the BRAF mutation and a low level of expression of SLC5A8 (Fig. 7) . Thus, it is tempting to postulate that the methylation-associated silencing of SLC5A8 might be secondary to the constitutive activation of the MAPK pathway, resulting from the BRAF V599E activating mutation. The functional importance of the constitutive activation of the MAPK pathway in thyroid oncogenic transformation is still unknown. However, there is compelling evidence (38) for the involvement of this signal transduction pathway in tumorogenesis; in numerous cell types, activation of the MAPK pathway leads to a loss of expression of differentiated functions, to an increase in proliferation, and to a decrease in apoptosis. If SLC5A8 has a tumor suppressor function in thyroid epithelial cells as demonstrated in epithelial cells of colon, its silencing in thyroid might be a determinant of the evolution or progression of PTC-cf. A more complete interpretation of our findings will be possible when the actual function of SLC5A8 in the thyroid is elucidated.
FIG. 7.
Relationship between the presence of the BRAF T1796A mutation and SLC5A8 expression level. Seventy-four thyroid carcinomas (33 of the 40 malignant tumors of the study, plus 41 additional tumors including a series of 36 PTC-cf. and five anaplastic carcinomas) were analyzed for the presence of the BRAF T1796A mutation as described in Materials and Methods. SLC5A8 transcript level is expressed in mRNA copy number per microgram RNA after logarithmic transformation. ‚, FTC (n ϭ 8); E, PTC-fv (n ϭ 9); F, PTC-cf. (n ϭ 52); ࡗ, anaplastic carcinomas (n ϭ 5). The shaded area gives the 95% confidence interval for NT SLC5A8 transcript level. Bars and vertical lines give the mean Ϯ SEM of the SLC5A8 transcript values obtained for PTC-cf. without (BRAF-wt) or with the BRAF T1796A mutation. There was a highly statistically significant difference between SLC5A8 transcript levels in PTC-cf. without (BRAF wt ) and PTC-cf. with the BRAF T1796A mutation (P value reported in the figure).
